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The effects of thermal noise on particle rearrangements in cyclically sheared colloidal suspensions are experimentally investi-
gated, using particle tracking methods. The experimental model system consists of polystyrene particles adsorbed at an oil-water
interface, in which the particles exhibit small but non-negligible Brownian motion. We perform experiments on bidisperse (1.0
and 1.2 µm in diameter) colloidal samples with area fractions φ of 0.20 and 0.32. We characterize the reversibility of particle
rearrangements, and show that unlike dense athermal systems, reversible clusters are not stable; once a particle enters into a
reversible trajectory, it has a non-zero probability of becoming irreversible in the following shearing cycle. This probability was
previously found to be approximately zero for an analogous athermal system. We demonstrate that the stability of reversibility
depends both on packing fraction, φ , and strain amplitude, γ0. In addition, similar to previously studied athermal system, we
identify hysteresis in the dynamics of rearrangements for reversible particles, which indicates that such reversible rearrangements
are dissipative. However, at lower packing fractions, where the dynamics is moved closer to equilibrium by thermal noise, this
hysteresis becomes less prominent.
1 Introduction
Particulate systems are ubiquitous in nature and in technol-
ogy1, and examples include pastes, paints, granular matter,
foams, and metallic glasses2,3. A common feature of these
materials is their ability to flow under external load, while
maintaining a solid (or jammed) state if unperturbed4. Im-
portantly, the macroscopic flow behavior of such particular
systems is a strong function of the material microstructure.
Understanding the mechanism that governs the dynamics of
the material microstructure is crucial in control and process of
these materials.
Colloidal suspensions have been widely used as a model
for disordered molecular and atomic systems such as soft and
metallic glasses5,6, where measuring individual particle posi-
tions is a challenging task7,8. In particular, colloidal suspen-
sions can be very useful in the study of microscopic (particle-
scale) fluctuations associated with mesoscale rearrangements,
which subsequently affect the material properties such as bulk
stiffness and plasticity5. Particle fluctuations in colloidal
systems are governed by two distinct mechanisms: Brown-
ian (thermal) motion and externally driven deformations (e.g.
shear). A number of numerical simulations suggest that an ef-
fective temperature exists for dense athermal systems, which
sets the energy scale of shear-induced fluctuations9,10. Yet,
with some notable exceptions8,11, very few experiments have
directly measured thermal fluctuations of colloids in presence
of shear. In this study, by shrinking the particle size to 1µm,
where particles exhibit non-negligible Brownian motion, we
add a minimal thermal noise to particle dynamics, and study
their trajectories under applied cyclic shear.
In a recent study15–17, the criteria for reversibility of rear-
rangements under cyclic shear was comprehensively studied
for a dense athermal colloid. In this manuscript, we character-
ize the effects of thermal noise on the reversibility of particle
rearrangements. We probe this effect for two systems with dif-
ferent area fractions (φ = 0.32, and φ = 0.20), and hence, an
order of magnitude difference in their self-diffusivities. This
provides us two distinct systems: (i) One system, in which the
thermal fluctuation of particles is very small, which provides a
high Pe´clet regime, where shear is considered as the dominant
driving mechanism; and (ii) a system with non-negligible ther-
mal fluctuation of particles, in which both shear and diffusion
become important.
Particle rearrangements in colloidal suspensions are tradi-
tionally measured either by confocal microscopy or light scat-
tering5,18–24 methods. In confocal microscopy, the time reso-
lution of measurements is limited by scanning time, while for
scattering the trajectories of individual particles are not avail-
able, and instead only the correlated motion of a large group
of particles is measured. Here, by using a custom-made in-
terfacial shearing apparatus 15–17, we shear and track nearly
4× 104 particles adsorbed at an oil-water interface, and char-
acterize reversibility, as well as the onset of rearrangement,
for each particle. On the other hand, stroboscopic reversibil-
ity gives us useful information on the fabric of configurational
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energy landscape. In particular, it manifests the existence of
energy metabasins which restrict the dynamics of the system.
Our data shows that the dynamics within these metabasins is
strongly affected in the presence of small thermal noise.
2 Experimental Methods
The effects of thermal noise on particle rearrangements in col-
loidal suspensions are investigated using a custom-made inter-
facial shearing cell33,34. In this apparatus, the particle suspen-
sion is confined to a monolayer, which allows for the visual-
ization of the evolution of the fluid microstructure by tracking
individual particles. As shown in Fig. 1(a,b), a thin magne-
tized needle is embedded at the oil-water interface to be stud-
ied, inside an open channel formed by 2 walls. An electromag-
net forces the needle, creating a uniform shear stress on the
material between the needle and the walls. The region from
which the data is acquired is near the center of the channel
and sufficiently far from both tips of the needle, which avoids
the non-uniform flow around the needle tips (more details be-
low and elsewhere15–17).
In order to create a well-controlled shearing flow, a small
device is built to hold and control the distance between two
microscope cover-slips that serve as parallel walls (Fig. 1b).
The device is placed inside a 10 cm diameter Petri dish and
then partially filled with DI water. A small amount of oil, de-
cane 99+% from ACROS, is then carefully poured on top of
the water, creating a thin oil layer and an (oil-water) interface
between the two coverslips. The magnetized needle is made
from phosphate-coated carbon steel wire (from Mcmaster-
Carr) and is 4 cm long, 0.15 mm in diameter, and 4 mg in
mass. Prior to preparation, all of the parts are sonicated and
rinsed with DI water, followed by a rinse with ethanol to avoid
any aggregation inducing contaminations.
Next, we inject particles to the oil-water interface. Due to
the high surface tension, particles are adsorbed and trapped
at the interface, forming a stable particle monolayer15–17.
This monolayer is disordered because particle size distribu-
tion is bidisperse, and also the charge distribution around each
particle is non-uniform that results in asymmetrical particle-
particle interaction. The magnetic needle is then carefully
placed at the monolayer, and the needle’s weight is supported
by capillary forces. A static Helmholtz field keeps the nee-
dle centered in the channel, while additional electromagnets
move the needle back and forth, uniformly shearing the inter-
face in the channel. The schematics of our custom made setup
is shown in Fig. 1.
The colloidal particles used in this experiment are sulfate
latex beads (8% w/v, Invitrogen). These microspheres are
charge-stabilized in DI water due to their surface sulphate
treatment. Once placed at the interface, they form dipoles with
a long-range and repulsive interaction force. We use equal
volumes of 1 µm and 1.2 µm particles to form bidisperse col-
loidal mixtures. Here, bidispersity is used to model a disor-
dered system, by preventing crystallization, and consequently,
long-range ordering effects. We dilute 0.1mL of the mixture to
1mLwith DI water, and add 0.5mL isopropanol (Fisher Scien-
tific) for easy dispersion at the interface. The particle mixtures
are then slowly injected to the interface using a micro-pipet.
More details on the preparation protocol is provided in refer-
ences15–17. By injecting different volumes of particle suspen-
sion, we are able to control the area fraction at the interface. In
this study, we provide data for two area fractions: φ = 0.20,
and φ = 0.32. The area fractions are calculated as φ =
Ap
A
,
where A is a sampling region, and Ap is the area spanning by
particles in that region. The particle monolayer is imaged with
a long-distance inverted microscope (K2/SC Infinity Photo-
Optical) and high-speed camera (Flare 4M180, IOIndustries);
data is taken at 40, 60, or 80 fps. Within the recorded images
(Fig. 1c), 1µm particles approximately span 6 pixels. We keep
the temperature constant (23 ◦C) for all of the presented data,
by confining the sample Petri dish in a glycerol-filled bath.
For all experiments, we keep the needle frequency constant
at f =0.1Hz. We have chosen 0.1Hz in our experiments be-
cause we want to maintain a linear response from the clean
interface (before adding particles). In particular, we measure
G∗ = |G′+ iG′′|, where G′ and G′′ are respectively the elastic
and loss moduli of the interface, and identify a region where
G∗ is independent of frequency16. For our system, we find
that G∗ begins to rapidly grow at approximately 0.2Hz, which
sets our upper limit for frequency. Also, as we move to lower
frequencies below 0.05Hz, we begin to experience ambient
vibrational noise. Due to these two issues, we chose 0.1Hz
as our fixed experimental frequency. To consistently prepare
the material for each experiment and to avoid memory effects,
oscillatory forcing at large strain amplitude (γ0 = 1.0) is ini-
tially performed for 3 cycles and then stopped. In the exper-
iments presented here, the values of the strain amplitude (γ0)
range from 0.01 up to 0.2. A sample video of the experiment
is provided in the Supplementary Materials. The images are
then processed using trackpy, a python based particle track-
ing package25. For each data set, nearly 4× 104 particles are
identified and tracked. Particle trajectories are recorded up to
60 cycles.
3 Analysis
We begin our analysis of thermal effects on particle rearrange-
ments by characterizing particle diffusivity in the sample. We
use particle mean squared displacement, MSDy(τ) =< (y(t +
τ)− y(t))2 >, to characterize the particle diffusion in the qui-
escent states (i.e., in the absence of shear). Here, y is the com-
ponent of particle position perpendicular to the wall, and τ is
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Fig. 1 a) Schematics of the shearing cell. b) Schematics of the
spacer apparatus (top view). c) Mixture of 1.0 and 1.2µm particles
visualized under microscope. The area fraction is φ = 0.20.
the time-lapse. Fig. 2a shows the MSDy as a function of shear
cycle τ for colloidal suspensions of volume fraction 0.20 and
0.32; as expected, particles in the dilute suspension (φ = 0.20)
tend to have larger mean displacements compared to the dense
suspension (φ = 0.32). We use the long-time data where a lin-
ear regime is observed to extract the sample diffusivities (see
linear fits in Fig. 2a) using the relationshipMSDy = 2D∞τ . We
find that D∞ = 0.0035d
2/c = (0.00035µm2/s) for φ = 0.32,
and D∞ = 0.041d
2/c = (0.0041µm2/s) for φ = 0.20, where d
is the particle diameter and c is the time scale of one shearing
cycle.
The relative importance of convection (or flow) to diffusion
in a system is usually characterized by the Pe´clet number. We
define a modified Pe´clet number for sheared states as Pe⋆ =
|γ˙|d2/2D∞, which is the ratio of the flow time scale, |γ˙|, and
diffusion time scale, 2D∞
d2
. Here, d is the particle diameter,
and |γ˙| is the strain rate magnitude averaged over a complete
shear cycle. For a sinusoidal strain imposed by the needle, γ =
γ0sin(
2pi
T
t), the average shear rate of the needle over one cycle
is |γ˙| = 4γ0
T
. This gives the range of modified Pe´clet numbers
for the probed strain amplitudes presented in this manuscript
as: 0.8 < Pe⋆ < 7.8 for φ = 0.20, and 10.3 < Pe⋆ < 86.3 for
φ = 0.32. While φ = 0.32 could be considered in an athermal
regime, for φ = 20, the thermal effects are non-negligible.
Also note that MSD/− y for φ = 0.20 monotonically in-
creases vs. time-lapse, which signifies a weak caging ef-
fect (α-relaxation). For the high packing fraction (φ = 0.32),
MSDy starts to plateau before reaching its diffusive regime.
This plateau indicates that caging starts to dominate the dy-
namics, and at φ = 0.32, the system is close to its glass tran-
sition point21,23.
Next, we quantify particle diffusivity in the lateral direction
in the presence of shear by computing the root-mean-square
displacement rmsdy for a time scale equivalent to one shear-
ing cycle (i.e. 1
f
= 10s). Fig. 2b shows the quantity rmsdy as a
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Fig. 2 a) Mean squared displacement of particles in quiescent state,
measured for transverse to shear direction (from the y component of
displacements). b) Root mean squared displacement in y direction,
transverse to shear. Here, rmsdys are calculated for a time equivalent
of one shearing cycle. The length unit, d, is 1µm, or the diameter of
small particles, and the time unit is one shearing cycle (10s).
function of strain amplitude γ0 for the φ = 0.20 and φ = 0.32
samples. We find that the values of rmsdy increases monoton-
ically with strain amplitude for both samples. However, the
increase is much weaker for the system with lower packing
fraction (φ = 0.20). That is, particles in the φ = 0.32 sam-
ple show larger displacements under shear than a more dilute
sample; in the limit of very low shear (or strain amplitude),
the opposite is observed.
A key advantage of this interfacial shear cell is that one can
obtain detailed imaging of colloidal suspensionmicrostructure
while undergoing cyclic shear. We will now focus on stro-
boscopic rearrangements, which we define as particles that
change neighbors after completing a shearing cycle. The
change in neighbors is measured stroboscopically by sampling
at times tn = t0+n2piω
−1, n= {0,1,2, ...}, so that we compare
the beginning and end of a full period of driving that straddles
tn and tn+1 (Fig. 5c). Particle rearrangements are characterized
by D2min =Σ(r
′
i−Eri)
2, which quantifies the mean-squared de-
viation of particle displacements from the best-fit affine defor-
mation of particles during a time interval ∆t 26,35. Sufficiently
high values of D2min denote rearrangements
36. The associa-
tion of high values of D2min with rearrangements enables us to
identify the events in which particles change neighbors, and in
other words, break their cages. For a given particle p, r′i and ri
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are the positions of its neighbouring particles before and after
applying a deformation. Usually, the neighbouring group of
particles is chosen as all of the particles centered within 2.5
σaa relative to the center of particle p, where σaa is the dis-
tance corresponding to the first peak of pair correlation func-
tion, g(r). Note that σaa, which represents the average inter-
particle spacing, becomes larger as the packing fraction, φ , is
reduced. E is the least squares fit, which transforms ri to r
′
i
affinely. With this definition, D2min is a measure of nonaffinity
of particle displacements, and its value quantifies the extent of
rearrangement for a given particle.
Fig. 3 shows snapshots of the spatial distribution of strobo-
scopically rearranging particles for a colloidal suspension of
volume fraction φ = 0.20 for γ0 = 0.017 (Fig. 3a) and γ0 =
0.158 (Fig. 3b). Particles colored in red undergo irreversible
rearrangements while particle colored in blue undergo re-
versible motion (i.e., no stroboscopic rearrangements). Here,
we take D2min > 0.015 as the threshold for rearrangement (this
threshold is set by the noise level in our D2min calculation).
For low strain amplitude (γ0 = 0.017, Fig. 3a), we find a rela-
tively small number of rearranging particles (red regions) that
form regions of scattered clusters. As the strain amplitude is
increased (γ0 = 0.158, Fig. 3b), we find many more rearrang-
ing particles. However, we still see a considerable fraction
of particles that are not stroboscopically rearranging and are
reversible (blue regions).
In order to gain insight into the relationship between par-
ticle rearrangements and the imposed shear deformation, we
compute the spatial correlation of D2min (C
r
D2min
) for particles
undergoing irreversible rearrangements (colored red). The
quantity Cr
D2min
for different values of strain amplitude γ0, for
φ = 0.20 and φ = 0.32, are shown in Fig. 4a and Fig. 4b, re-
spectively. For φ = 0.20, the correlation length remains nearly
identical as γ0 is increased, except for the largest amplitude
case. However, for φ = 0.32, the correlation length is highly
dependent on the strain amplitude. This data shows that as
we move to a denser state, stroboscopic rearrangements are
mostly governed by external driving (i.e. shear), and are less
affected by thermal noise. Similar behavior was previously
observed in simulations as the system was moved from shear
dominated to thermal dominated regime27.
We have shown that even at large strain amplitudes, there
are still quite a few stroboscopically reversible particles or
reversible rearrangements (Fig. 3b). Do these particles un-
dergo rearrangements within a given cycle? Here, we inves-
tigate the existence and statistics of such rearrangements by
measuring the quantity D2min for rearrangements between the
two peaks of the sinusoidal strain cycle, or the “peak-to-peak
D2min”. For this, we study particle positions at times tn =
t0 +
n
2
piω−1, n = {1,3,5, ...} (Fig. 5c). We find that (for all
experiments presented here) a fraction of particles which ap-
x
y
Fig. 3 Rearranging (Red), and nonrearranging (blue) particles for
γ0 = 0.017 (left), and γ0 = 0.158 (right). The packing fraction is
φ = 0.20, and both distributions are plotted for cycle 15. A fraction
of particles are still reversible, even for a relatively high strain value
of γ0 = 0.158. The rectangular region demonstrates a 0.5×0.3mm
sample. The flow is in x direction.
pear stroboscopically reversible, do rearrange (D2min > 0.015)
when viewed from peak-to-peak. Fig. 5(a,b) show the fraction
of rearrangement type, stroboscopic versus peak-to-peak, for
φ = 0.20 and φ = 0.32 as a function of strain amplitude. We
find that for most cases, the fraction of particles undergoing
peak-to-peak rearrangement is larger than stroboscopic rear-
rangement; that is, a significant number of particle rearrange-
ments are reversible. As the strain amplitude is increased, the
fraction of particles undergoing both types of rearrangements
also increase. Note that the fractions of reversible particles
(fraction of stroboscopic rearrangements subtracted from frac-
tion of peak-to-peak rearrangements) are relatively smaller
for φ = 0.20 compare to φ = 0.32 (Fig. 5a,b). Also, the
peak-to-peak rearrangements behave very similarly for both
packing fractions, while the stroboscopic rearrangements are
highly dependent on the packing fraction, particularly for the
low strain amplitudes. This suggests that, while cyclic driv-
ing at small strain amplitudes self-organizes the system to re-
versible states, thermal noise counter-affects the organization,
and makes the dynamics irreversible.
Previous studies on a jammed athermal system, identified
non-rearranging (reversible) particles which were dissipating
energy, and were referred to as ‘plastic reversible’15–17. A
plastic reversible particle undergoes a rearrangement which
completely reverses within a strain cycle, yet the rearrange-
ment path has hysteresis. We now investigate whether the re-
versible rearrangements found here are also plastic. In order
to identify hysteresis, we define the strain at which a given
particle starts to rearrange as γon, and the strain at which the
particle stops rearranging as γo f f . Consider a strain cycle
γ(t) (Fig. 5c). We then take the γ(t = 0) as the reference
frame, and calculate D2min values for all of the frames in the
cycle with respect to this reference frame. Using the threshold
D2min = 0.015 as the threshold for rearrangement, we obtain
γon > γ(0) as the last strain where D2min < 0.015, and γ
o f f as
the first strain where γo f f > γon, and D2min < 0.015. We re-
quire γon and γo f f to be in the first and second halves of the γ
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Fig. 4 Spatial correlation of D2min (C
r
D2min
)for φ = 0.20 and φ = 0.32.
For the dilute system, the correlation length remains almost constant
as γ0 is increased. σaa is the length scale associated with the first
peak of g(r), which quantifies the average interparticle spacing for
each system.
function. Note that for a hysteretic particle, γon − γo f f 6= 0.
Fig. 5d shows the fraction of reversible particles which ex-
hibit hysteresis in their rearrangement path as a functions of
strain amplitude. We quantify hysteresis in the sample using
the quantity Rrev,hyst =
Nrev,hyst
Nrev
, where, Nrev is the number of
all reversible particles and Nrev,hyst is the number of all re-
versible particles which exhibit hysteresis in their rearrange-
ment path. We have excluded the first 3 transient cycles from
the statistics. The data clearly indicate the existence of plastic
reversible paths even in the presence of thermal noise. How-
ever, the fraction of plastic reversible particles is considerably
smaller for φ = 0.20 compared to φ = 0.32. And, although
irreversible particles are more frequent for φ = 0.20, the hys-
teresis of rearrangements for its reversible particles is signifi-
cantly lower than for φ = 0.32. A possible explanation of this
behavior is that, since the thermal fluctuations are stronger at
lower packing fractions, the dynamics is closer to equilibrium,
and hence, non-dissipative. Similar to a glass forming liquid,
as the packing fraction is lowered below glass point, the cages
are broken, and the particles escape the arrested dynamics and
diffuse. This diffusive process allows the system to explore a
larger region in configurational energy landscape, and conse-
quently, moves the system closer to equilibrium. By increas-
ing the packing fraction, thermal equilibration is hindered and
10 -2 10 -1
10
r>
a
rr
?
n
g
in
@
f
rA
c
t
io
n
10 -2
10 -1
100
pBEk-FG-HIJK
sLrMbNOPQRiS
T=0.20
γ
0
10
-2
10
-1
R
re
v
,h
y
s
t
10
-4
10
-2
10
0
U=0.32
V=0.20
γ
WXY
Z
[\]
γ
0
-2 10 -1
10 -2
10 -1
100
^=0.32
γ
0
r_
`
rr
b
n
d
in
h
j
rl
q
u
iv
n
wxyz{|}~







Ł




(b) 

Fig. 5 Fraction of stroboscopic and peak-to-peak rearranging
particles for (a) φ = 0.20, and b) φ = 0.32. c) Fraction of hysteretic
reversible particles (Rrev,hyst).d) schematics of peak-to-peak and
stroboscopic sampling.
the system regains out-of-equilibriumand athermal properties.
For dense athermal systems, once a particle enters into a re-
versible cycle it remains reversible in the upcoming cycles16.
In contrast, thermal noise allows the particles to escape re-
versible cycles with a certain probability (see Supplementary
Materials). Fig. 6a shows the transition probabilities (TP)
between the reversible/irreversible states for φ = 0.20, and
φ = 0.32 as a function of strain amplitude. The TPs are mea-
sured by counting the number of particles transitioning from
a particular state at cycle t to another state at cycle t + 1, and
averaged over all cycles. We exclude 3 initial cycles to avoid
transient behavior (TPs do not change significantly over non-
transient cycles). The notation is as follows: p[It+1|Rt ] is the
transition probability (TP) of a particle undergoing reversible
rearrangement at time t to switch to an irreversible rearrange-
ment at time t +1; similarly, p[Rt+1|It ] is the transition proba-
bility (TP) of a particle undergoing irreversible rearrangement
at time t to switch to an reversible rearrangement at time t+1.
Results show that, for both volume fractions, the probability
of a particle displaying irreversible rearrangement increases as
strain amplitude is increased. The stability of reversible states
can be quantified by S = p[Rt+1|It ]− p[It+1|Rt ] (Fig. 6b). We
find that reversible cycles at lower values of γ0 and irreversible
cycles at higher γ0s are more stable. However, we also observe
that at lower packing fraction, where thermal noise is signifi-
cant, the stabilities of both reversible and irreversible particles
(respectively, at lower and higher γ0) are hindered in compari-
son with the denser system. This is consistent with our earlier
observation (Fig. 4) that the dynamics of reversibility is less
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Fig. 6 a) Transition probabilities between reversibility states as a
function of strain amplitude, γ0. Note that the probability of
irreversible rearrangement increases as γ0 is increased. b)
Sr = p[R
t+1|It ]− p[It+1|Rt ] quantifies the stability of reversible
states.
affected by external driving as we increase the thermal noise
in the system.
One can understand the reversible-irreversible TPs within
configurational energy landscape framework. Initially, a lo-
cal energy minimum is occupied (Fig. 7a). Application of
shear distorts and flattens the local minimum such that the
system jumps to a nearby minimum state28,29. For athermal
particles, by reversing shear, the energy landscape resumes its
original shape, and the system jumps back to the initial local
minimum (reversible regime). This implies the existence of
a metabasin in the energy landscape which confines the dy-
namics to a small region in configurational space29–32. By in-
creasing the shear amplitude, the distortion of the energy land-
scape is large enough, such that the system escapes from the
metabasin and the trajectories become irreversible. If, in addi-
tion to shear, the particles are also thermally activated, the sys-
tem has a finite probability to escape the metabasin (Fig. 7b).
As the thermal energy increases, the probability of escaping
the metabasin, and hence irreversibility, also increases.
4 Conclusions
In this manuscript, we presented an experimental investiga-
tion on particle rearrangements of a 2D colloidal system un-
der cyclic shear in the presence of small but finite thermal
noise. To our knowledge, this is the first experimental study
that directly measures thermal fluctuations under shear for a
large number of particles (4× 104) and for relatively long
times. Experiments are performed using a custom-made in-
terfacial shearing cell, and colloidal samples with area frac-
tions φ = 0.20 and φ = 0.32. The thermal noise in the col-
loidal suspensions was quantified by the diffusion constant,
D∞, extracted from the long time mean squared displacements
Shear forward
Shear reversed
Shear forward
Shear reversed
Themal 
activation
(a) (b)
Fig. 7 Schematics of the state dynamics as a result of shear induced
activation for a) athermal, and b) thermal systems.
(Fig. 2).
The relative importance of thermal motion to applied flow
in our system is quantified using the modified Pe´clet number,
which ranges from 0.8 to approximately 80 and straddles the
thermal and athermal regimes. We find that minimal levels
of thermal noise, which is usually negligible in steady shear,
has non-negligible effects on the reversibility of particle re-
arrangements under cyclic driving even for relatively large
Pe⋆(∼ 10). Recently, an investigation by Khair37 showed that
the instant vanishing of flow at turning points, which moves
the system towards low Pe´clet regime, could affect the rheol-
ogy of particle suspensions in strongly nonlinear flows. This
vanishing Pe´ at turning points (i.e. oscillation peaks), and
hence the dominance of diffusion over shear, could also be
a possible explanation for the dynamics we observe, specif-
ically the fraction and the instability of reversible rearrange-
ments, compared to an athermal system. We also show that
even though the thermal noise is slightly lower in the quies-
cent state of the denser system (φ = 0.32), as the shear ampli-
tude (and consequently the average shear rate) is increased, the
shear induced fluctuations grow faster compared to the more
dilute system (φ = 0.20).
Particle rearrangements are characterized using the quantity
D2min, which quantifies the mean-squared deviation of particle
position at time t from the best-fit affine deformation of its
neighborhood during a time interval ∆t 26,35. Rearrangements
are characterized by having high D2min values. We find that the
correlation length of rearrangements remains almost constant
for the low packing fraction case φ = 0.20, while for φ = 0.32
the correlation length is strongly dependent on strain ampli-
tude. This indicates that, for higher packing fractions, thermal
effects are hindered and shear is the dominant driving mech-
anism for rearrangements. Further analysis of particle rear-
rangements showed that, similar to dense athermal systems, a
fraction of particles undergo plastic reversible cycles, which
decrease in number as the packing fraction decreases. That
6 | 1–7
is, plastic reversibility is diminished as we move the system
(slightly) towards thermal equilibration, here by lowering φ .
We also observed that, for thermally activated systems, un-
like jammed athermal systems, the particles escape from re-
versible states with a certain probability which depends both
on packing fraction and strain amplitude. We find that for suf-
ficiently small strain amplitudes, the reversible cycles are rel-
atively more stable for higher packing fractions. This suggests
that as the liquid is moved close to its glass transition point,
the combination of thermal energy and shear is not sufficient
to overcome the energy barrier and rearrange the particles to-
wards equilibrium.
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